Background {#Sec1}
==========

The incidence of falls can occur in people of all ages and is not exclusively restricted to the elderly population \[[@CR1]\]. Although the causes of falls are different for each age group, the decline in balance ability is a major factor for the high risk of falls. In older people, the decline in balance ability may occur due to physiological deterioration, pathological factors, problems of ambulation, and endurance reduction \[[@CR2]--[@CR7]\]. In addition, the physical activity level of children and middle-aged adults has decreased due to the development of technology, which has resulted in restriction of movement. This has led to the worsening of health conditions due to the deterioration of the neurotransmitter system \[[@CR8]\] and muscle mass and strength \[[@CR6], [@CR9]\], giving rise to chronic diseases \[[@CR10]\] as well as cognitive decline \[[@CR11]\], which may induce a higher risk of falls in the future. People who suffer from these tend to get injured easily, which results in worsening of self-efficacy and functional dysfunction, even though they are disturbed by a small disturbance \[[@CR12], [@CR13]\]. Increasing physical activity, such as exercise, has a positive effect on several aspects, including postural stability and falling prevention \[[@CR9]\].

Exercising is important, as it improves humans' individual or systematic system, which is related to balance performance \[[@CR2], [@CR9], [@CR13]--[@CR17]\]. Exercises employ help prevent physiological deterioration by increasing strength and endurance of the body. For example, challenging the sensory system during postural tasks can enhance balance ability by reweighting the functional sensory inputs \[[@CR18]\]. However, significant differences have been observed among various exercise programs, and some exercises have little effect on the balance function \[[@CR9], [@CR17]--[@CR19]\]. Balance exercise programs may be made ineffective because of several reasons. First, various physiological systems are used to achieve the postural task \[[@CR20], [@CR21]\]. Second, the activities, which require balancing ability, can be achieved by coordinating between motor skills and cognitive activities \[[@CR15]\]. Moreover, the training program with clinical guidelines is more effective than the program without any instruction \[[@CR18]\]. Therefore, a combination of the exercise approach and the feedback during training process is used to improve the body's functional ability, including balance performance \[[@CR18], [@CR22]\].

Using the gaming with the biofeedback system, such as the virtual reality (VR) system, is widely used for rehabilitation \[[@CR12], [@CR23]--[@CR25]\]. It is due to the fact that the VR system can make the treatment more interesting, reduce the difficulty of rehabilitation, and increase safety \[[@CR25]--[@CR27]\]. One advantage of VR-based training is that this technology allows altering the neural organization, encouraging neuroplastic changes in neurological patients \[[@CR26]\], reducing the fear of falling, and transferring into the real-world task through motor learning \[[@CR28]\]. However, some VR-based balance training requires a specific balance platform, including Wii Fit balance board, to supply the sensory feedback information that may be restricted during the training process due to the requirement of a specific movement \[[@CR18]\]. For this reason, popular sensors, e.g., the Microsoft Kinect sensor, have been used to show improvement in balance ability in several studies. This is due to the fact that Kinect sensor provides three-dimensional positions without using markers. These positions are used as input for the VR-system to improve balance function and reduce the fear of falling in older adults \[[@CR29], [@CR30]\].

In several studies, there were significant differences in clinical balance measures among participants who had trained with the help of conventional balance exercises, including the VR system \[[@CR18], [@CR27], [@CR31], [@CR32]\]. Additionally, most studies focused on their applications in improving balance for patients with neurological disorders \[[@CR33]--[@CR36]\] or elderly people \[[@CR18], [@CR25], [@CR28]\]. Therefore, the aim of this study is to investigate the effects of VR-based balance training in healthy adults through motor learning and postural control. The questions included in the proposed study are (a) how does the VR-based balance exercise rely on the effect of motor learning? (b) how do the different exercise modalities influence the impairment of balance ability through comparison of balance performance before and after exercise? We hypothesize that the VR system affects postural control through motor learning. In addition, both balance exercise programs influence the postural control, but the balance performance in the VR-based balance exercise is better than the outcome of the conventional exercise.

Methods {#Sec2}
=======

Participants {#Sec3}
------------

The experiment in this study was designed as the pilot study. Community-dwelling healthy adults around the area of Mahidol University were recruited for the study. The inclusion criteria were (a) 40--60 years of age, (b) no history of injuries or diseases that influence balance function, (c) no intake of medications that affect postural control system, at least 12 h prior to the experiment, (d) no alcohol consumption 12 h prior to the experiment. The exclusion criteria were (a) individuals with dependent ambulation, (b) individuals who cannot communicate in the Thai language, and (c) individuals who have any disease that affects balance function.

Prior to data collection, all participants signed informed consent, which was approved by the Mahidol University Central Institutional Review Board (MU-IRB: 2014/112.1508). Demographic data and health information of the participants were obtained, following which they were randomly categorized into two groups, the virtual reality exercise (VR) group and the conventional balance exercise (CON) group, by blindly drawing a sealed piece of paper. The VR group ($\documentclass[12pt]{minimal}
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Protocol {#Sec4}
--------

The experimental protocol comprised three steps: the pre-test of balance performance, the balance training session, and the post-test for the evaluation of the balance ability after training. In the study, five standing tasks, including standing unsupported with eyes open (EO) and close (EC) conditions, standing with both feet together, tandem, and one-leg stance were evaluated. Results of balance evaluation in each task were collected for 10 s/trial, with three trials, and the testing focused on the dominant leg in tandem and the one-leg stance. The total of time duration for data analysis was 30 s. In this study, the MatScan^®^ model 3150 (Massachusetts, USA) was used to assess the center-of-pressure (CoP) in the anterior--posterior (AP) and medio-lateral (ML) directions with the sampling rate was 64 Hz. The data of each subject was exported with the Sway Analysis Module (SAM™). The training session started after 1 week of completion of the pre-test, and the post-test was performed within 1 week of finishing the training session. All participants received twelve 45-min sessions of training in the DTVRBT or the conventional balance exercise program. Moreover, three sessions were held per week for a period of 4 weeks. The same physical therapist conducted the training for both groups.

Dual-task virtual reality balance training system {#Sec5}
-------------------------------------------------

The DTVRBT consists of a laptop and the Kinect sensor (Washington, USA) as shown in Fig. [1](#Fig1){ref-type="fig"}. This sensor can construct 3D images from the functional integration of two components, an RGB camera and an infrared sensor \[[@CR29], [@CR32]\]. The 3D information from this sensor allows users to interact with the object in the virtual environment. In this study, the virtual environment was created with the Unity3D^®^ version 5.3.2. (San Francisco, USA).Fig. 1The process of interaction in the virtual environment by the Kinect sensor

In this study, the scores of each individual were used to describe the performance of training with the virtual reality system. The process of recording the score consisted of four main steps, as shown in Fig. [2](#Fig2){ref-type="fig"}. First, all users were required to log in before proceeding with the other steps. In this process, a user profile would be created as a folder that contained the files of training for each day. This process required usernames and passwords. If an incorrect username or password was entered, the system would request a new username or password. Unique users needed to create their usernames and passwords before beginning the login process. The program would warn users when they entered the same name as one that had been previously registered, and two passwords could never be the same. After finishing the login process, the users had to choose the controller and game mode of training. In the game mode, the DTVRBT consisted of three modes of training, such as matching color, bakery, and memo number (refer to Fig. [3](#Fig3){ref-type="fig"}). The descriptions of each game mode are presented in Table [1](#Tab1){ref-type="table"}.Fig. 2The process of collecting the score for the dual-task virtual reality balance training (DTVRBT) system Fig. 3Interface of three game modes consisting of **A** matching color, **B** bakery, and **C** memo number Table 1The descriptions of the tasks in the dual-task virtual reality balance training (DTVTBT) systemNames of game modeType of taskWeight shiftingTask descriptionMatching colorSingle-taskMLWaiting for randomized the box's color. The player moves hand to control the virtual hand inside the virtual environment. They have to place and grasp the hand on the object that has the same box's color and move the hand to the boxBakerySingle-taskAP and MLWaiting for randomized name and position of order. The player moves their hand to control the virtual hand inside the virtual environment. They have to place and grasp the hand on the object that has the same item's name and move the hand to the orderMemo numberDual-taskAP and MLWaiting for randomized three numbers, after which these numbers fade. The player moves their hand to control the virtual hand inside the virtual environment. They place and grasp the hand on the number, move the hand to the slot by sequencing order, and release the hand to insert the number into the slot

In Table [1](#Tab1){ref-type="table"}, the game modes are shown to be separated into two types of training tasks, i.e., single or dual task. In the single-task training, rapid arm movement is required to complete the task, unlike the dual-task training. It is due to the fact that the dual-task training in this system requires the cognitive-motor function to achieve the goal. In order to complete the training, the players would have to stand and use the dominant arm while performing the arm movement task. The matching color is the first program, which is the easiest mode of training. This game mode requires arm movements in the horizontal direction to get an object and place it at the target position. The bakery is the second program to practice balance training, and the task is more complex than the first program. This game mode requires arm movements in the vertical and horizontal directions to complete the task. The player must place the object at the assigned area if the object's name appears. In this game, the positions of objects on the shelf are randomized in each round to avoid learning and remembering. However, the difficulty level of this game mode is lesser than that of the memo number, which is the last program in the virtual reality-based training session. This game mode also requires arm movements in both directions, same as the second game mode. The cognitive task, i.e., recalling of a sequence of three numbers, is added during the performance of the postural task. The process of obtaining the score of these game modes is that if there is a correct answer, the score increases by 10 points, except for the memo number. The score of each number in the memo number accounts for 10 points. Therefore, the total score in each round is 30 points. The scores in each round from each game mode are recorded in the form of a text file. For balance training with this protocol, six trials for each game were conducted, and each trial required around 2 min 30 s of time. The total duration for training was 45 min, and the participant could rest between games for 1 min.

Conventional balance exercise {#Sec6}
-----------------------------

CON received the physical balance exercise program that consisted of two types of exercise: static and dynamic balance exercises. In this study, the proposed program was modified from Silsupadol et al. \[[@CR2]\]. The static balance training consisted of the following: (a) standing with feet apart with eyes open, followed by putting the feet together, (b) standing with feet apart with eyes closed, (c) standing with the dominant foot in front of the other foot (or tandem stance), (d) disturbance during quiet standing, and (e) standing on firm surface (e.g. wooden or cement floor) or unstable surface (e.g. foam, grass, or sand). The protocol in dynamic balance training condition consisted of (a) double leg stance on firm surface while holding a glass of water, (b) tandem stance while turning the hand quickly, (c) double leg stance while reaching in any direction, and (d) throwing and getting a ball while in the standing position. Two dynamic tasks, i.e. the reaching task and the ball throwing task, boosted the balance function in AP and ML directions. Each participant was instructed by a physical therapist to perform the exercises at home, and they had to maintain records in a diary of the exercises that were performed in each session.

Outcome measures {#Sec7}
----------------

The game performance in this study could be presented in the form of the score that was obtained when a participant completed the training program in each session. The player needed to respond by placing objects in the assigned position. Accordingly, the efforts of the player could be reinforced through the immediate feedback information during the game itself. In order to determine game performance, the average of scores from the six trials of all the participants in each game mode were utilized to describe the effect of motor learning with the learning curve that was derived from the power law function \[[@CR37]\]. Generally, the power law function was a quantitative form of the learning curve which predicted the time or speed to the practice trials \[[@CR38]\]. It was due to the fact that this function was widely applied in speed task \[[@CR39]\]. The increased speed movement indicated the occurrence of getting more score. To determine each model, a simple formulation, as shown below, was considered. Where *y*(*n*) was estimated values to fit a learning curve, *n* was the session number, and *a*, *b* and *c* were constants which were determined by fitting score. Three mathematical models were determined using the MATLAB software (Massachusetts, USA).$$\documentclass[12pt]{minimal}
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                \begin{document}$$_{E}$$\end{document}$ illustrated the 95% of total area contained in both directions which were fitted by an ellipse \[[@CR40], [@CR41]\]. A greater CoP range indicated the worse stability \[[@CR41]\] which resulted in higher TOTEX. Thus, the higher TOTEX encouraged on lower precision of CoP movement \[[@CR42]\], larger Area$\documentclass[12pt]{minimal}
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                \begin{document}$$_{E}$$\end{document}$. This area was defined by Brog \[[@CR44]\]. Before calculating these parameters, the trajectory of CoP in any task was normalized with mean subtraction and filtered with the second order of Butterworth and 4 Hz. of the cut-off frequency. After acquiring the parameters, the average of the three trials from the participants in the CON or VR groups was defined.

Statistical analysis {#Sec8}
--------------------

In CoP analysis, data of this report was described in the form of group mean and standard deviation (SD). The statistical analysis was performed in PASW Statistics 18 (Illinois, USA). The normality of data was tested by Shapiro--Wilk test. The Wilcoxon Signed Ranks Test was employed to compare the effects of both modalities in each group. The significance level at p-value $\documentclass[12pt]{minimal}
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Results {#Sec9}
=======

One participant from each group was excluded, as they could not complete the training protocol. Therefore, there were four participants in the VR group (age = $\documentclass[12pt]{minimal}
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The mathematical models of motor learning {#Sec10}
-----------------------------------------

Our findings showed that the average scores from all participants were gradually increasing for all games. In addition, the matching color game mode had the highest average score, whereas the memo number game mode had the lowest average score at the last session of training for all participants, as shown in Fig. [4](#Fig4){ref-type="fig"}. Although this value would indicate the effectiveness of learning and training performance owing to training with the virtual reality system, a learning curve was used rather than using the average scores. Typically, the rate of learning curve depends on the range of exponents that are described in form of several functions, such as the hyperbolic and exponential functions. However, the power law is acceptable, as this function can fit the learning curve better than the other functions \[[@CR37]\]. Accordingly, this function was utilized to fit the learning curves of the three game modes, as described below.$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} y(n)= & {} 510.9 (n^{0.185})-198.5\\ y(n)= & {} 311.6 (n^{0.1973})-38.53\\ y(n)= & {} -770.9 (n^{-0.07637})+947.4 \end{aligned}$$\end{document}$$The first, second, and third equations present the mathematical models to estimate the curve for three game modes, the matching color, bakery, and memo number respectively. Three learning curves and their average scores are shown in Fig. [5](#Fig5){ref-type="fig"}.Fig. 4The average scores from three games, i.e., matching color, bakery, and memo number, in twelve training sessions for four participants Fig. 5The average score and fitted curves from three equations of the three game modes

The findings listed in Fig. [5](#Fig5){ref-type="fig"} revealed that the scores from the matching color game mode had the highest scores, whereas the memo number game had the lowest scores for all sessions. In addition, the learning curve in the early sessions of training had a higher slope than at the end of training session for all game modes. Furthermore, all curves showed continuous learning in all game modes, although these curves have tended to be the plateau phase (refer to Additional file [1](#MOESM1){ref-type="media"}).

The outcomes of balance performance {#Sec11}
-----------------------------------

Our results found that most of the CoP parameters in the VR group decreased after training, except in the EO case. In addition, there was no significant difference (ns) in the CoP parameters for the ML direction, except the EC and tandem stance, as shown in Table [2](#Tab2){ref-type="table"}.Table 2Mean and standard deviation (SD) of CoP parameters between pre-test and post-test in the VR groupStanding taskCoP parameterDirectionPre-test mean (SD)Post-test mean (SD)SignificanceEOArea$\documentclass[12pt]{minimal}
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Discussion {#Sec12}
==========

The proposed preliminary study investigates the effect of virtual reality-based training through two aspects: the effect on motor learning and postural control. The effect of motor learning depends on the required skill, which relates to the difference in game design. In this study, the game design was separated into single- and dual-task training. To understand the effect of different task training sessions, the average scores and their learning curves were used to describe the performance of motor learning for each game mode in case of all the participants who practiced with the virtual reality system. The exponent component in each mathematical model illustrated the different requirement skills during training with any mode. In addition, the learning curve and model were also used to determine the continual of motor learning and ratio of difficulty level. Furthermore, this preliminary study also investigated the effect of two modalities on healthy adults for short-term training (4 weeks). Our findings revealed that the virtual reality-based balance training affected balance improvement in several foot placements, while the enhancement of postural control for the CON group was observed in some standing tasks.

In the conventional balance exercise, the proposed program was designed to increase the challenge of balance ability through two approaches. First, reducing the base-of-support (BoS) or sensory input is one of four ways to increase the effectiveness of balance exercises. Second, the dual-task exercise, such as the hand--eye coordination with the balance task, also plays a role in challenging the postural control while performing a different task \[[@CR45]\]. Although several studies have highlighted significant differences among subjects who practice with the conventional balance training program \[[@CR2], [@CR46]--[@CR48]\], this program differs from training with virtual reality technology, as physical exercise does not provide the real-time feedback information \[[@CR25], [@CR26], [@CR34], [@CR49]\].

There are several reasons for which the virtual reality-based exercise program can improve various physiological functions. First, this program encourages the enhancement of motor learning. The improvement of this learning influences the reception of score, which is one of several approaches to represent the performance of this training. Many factors, such as the familiarity in the virtual environment, anticipation of required movements, and the improvement of sensorimotor, coordination and balance, add to the increasing score while practicing with this program for a long time \[[@CR31]\]. However, the average scores could not illustrate the quality of learning. These values were used to determine the learning curve for describing the effect of training for the motor learning condition. Interestingly, our findings revealed that the exponent compartment in each model reflected the different requirement skills through different exponential functions. These functions can be categorized into two groups: positive and negative exponential functions. In this study, positive exponential function was obtained in two modes: the matching color and bakery. Both game modes were arranged in single-task training sessions, which required the arm movement function during standing. The negative exponential function was found in the memo number game mode that was added to the cognitive-motor training in the exercise program. Moreover, the learning curve and its model were also used to describe in more detail the effectiveness of game performance in long-term training for the motor learning and the ratio of difficulty level of these games.

The mathematical models that were derived from the power law function indicated the effect of continuous learning by observing the occurrence of plateau phase in the learning curve. Although the gradient slope in each game mode was decreasing in every session, our findings showed the tendency of plateau phase. In fact, the gradient of slope from three game modes was larger than zero (refer to Additional file [1](#MOESM1){ref-type="media"}). According to these findings, the learning curves from these game modes did not reach the mastery level, which showed the effect of continuous motor learning \[[@CR31]\]. Continuous motor learning reflects the occurrence of lifelong activities that relate to experience-related brain plasticity due to the fact that the learner needs to repeat the physical practice of a given functional skill \[[@CR11]\].

The relative difficulty of three game modes was due to other factors that could describe the game performance in different types of task training. This ration was computed by the exponents from two models. The ratio of difficulty between the matching color and bakery game modes was $\documentclass[12pt]{minimal}
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                \begin{document}$$0.1973/0.076 = 2.583$$\end{document}$, respectively. Based on these results, it is evident that the higher ratio of difficulty, the more difficult it is to gain the score. Our findings showed that the ratio between single-task game modes was the lowest ratio of difficulty. Accordingly, there were several causes that influenced more difficult level in the bakery game mode. First, the bakery game mode requires more directions of arm movements than the matching color game mode. Second, the bakery mode needs more directions of weight shifting that correspond to the direction of arm movements. Last, there are four assigned positions that are randomized to obtain the correct answer, in contrast to the matching color game mode that has only one target. It is due to the fact that the training with choice reaction time condition affects the increase of motor progress, which corresponds with the results of Kubichi et al. \[[@CR50]\].

Interestingly, adding the cognitive-motor training into the exercise program causes a higher ratio of difficulty when compared to single-task training. There are two reasons for which the difficulty of postural task increases while the cognitive task is processing. First, the cognitive process, including the attention, concentration, working memory, and information processing speed, are the main aspects that rely on motor learning \[[@CR11]\]. Second, the postural control function and other cognitive processing must share the cognitive resource. The performance in postural control can be impaired by a secondary cognitive task \[[@CR51], [@CR52]\]. For this reason, the challenge of balance training with the cognitive task can improve the performance of postural control, as shown in this study.

In the postural analysis, there are two balance exercise approaches to observe the effectiveness of different exercise programs. Our findings revealed that both balance exercise programs could be employed to improve the postural control under the CoP measurement of the five standing tasks. In the CON group, the results suggested that standing with eyes open had a significant difference in the Area$\documentclass[12pt]{minimal}
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                \begin{document}$$_{E}$$\end{document}$. However, there was no significant difference in the same CoP and area parameters on the other standing tasks. Based on this result, the proposed conventional balance exercise could encourage the enhancement of postural control in only the standing task---the EO case. It was because this standing task was used in many exercises for this program. Moreover, the CoP range on the ML direction in the CON group was increased in all the standing tasks. We hypothesized that some activities that promoted the weight shifting in the ML direction, such as tandem stance and throwing and getting a ball, were applied in the program. For this reason, our findings were contradictory to those of other studies \[[@CR53]\]. In addition, the proposed conventional exercise could not transfer the experience of training to other standing tasks due to the existence of no significant difference in the four standing tasks (see Table [3](#Tab3){ref-type="table"}).

In the VR group, the improvement in postural control had been observed in all the standing tasks that differed from the CON group. There were decreased significant differences in all CoP parameters and Area$\documentclass[12pt]{minimal}
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                \begin{document}$$_{E}$$\end{document}$ between pre-test and post-test balance evaluation, except in the EO case. The reduction of CoP parameters in most standing tasks indicated that the people in this group had better postural control \[[@CR41], [@CR53]\]. For this reason, it becomes evident that training with the proposed virtual reality system contributed to transferring the experience from the virtual world to the real-world situation. Interestingly, the findings suggested that the dual task virtual reality-based balance training allowed the participants to stand with feet apart, in contrast to the conventional balance exercise that provided several positions and activities to improve the balance function. Strong significant differences were obtained, especially in the standing tasks with low base-of-support (BoS). The improvement of postural control in the VR group corresponded with the findings of many studies \[[@CR53], [@CR54]\]. However, the area parameter in the EO case had no significant difference, as this pose was used while exercising with the virtual reality system, although the CoP range in the AP direction was increased and the range in the ML direction was decreased.

Several factors encourage the improvement of postural control due to the use of virtual reality-based balance training. First, the postural control in static condition requires the visual system to provide the feedback information to complete the balance task. It is because this information relates to position and orientation of the body's position \[[@CR55]\]. Second, exergame modality, which integrates with the virtual reality technology, requires the body movements during a game. The combination of both components allows users to assess augmented feedback in real-time while they perform specific tasks, which results in balance improvement. Third, virtual reality-based training can enhance the motor learning through the repeated accurate performance \[[@CR32]\]. Fourth, specific movements, such as rapid arm movement, are used to maintain and improve balance ability \[[@CR31], [@CR50]\]. It is because using unilateral or bilateral arm movements can encourage the reactive responses in postural leg muscles. In addition, hand functions, such as reaching and grasping, are also necessary to recover the balance function and prevent falls \[[@CR31]\]. Accordingly, the game design of this study corresponded to these articles by using the benefits of this rapid movement in order to promote better balance function. Based on these findings, the virtual reality system can encourage learning in two categories: through the motor learning and through balance improvement. Furthermore, our results revealed that both exercise programs effected changes in postural control, but the virtual reality system could provide better performance than the conventional exercise due to the reduction of CoP parameter after exercise training. For this reason, feedback information appears to be a main key for functional training, including the balance exercise training. However, there were some limitations in the proposed study due to the small sample size. Another limitation was the computational score in the virtual reality-based training, which focused on only one aspect, the correct direction of movement or answer. The score of balance ability was not included to calculate the score. Thus, increasing the sample size and adding the score of balance performance in the virtual reality-based balance training is recommended for future studies.

Conclusion {#Sec13}
==========

The proposed study focuses on the effect of the virtual reality-based training on two conditions: the effects of motor learning and postural control. In motor learning, the mathematical models that are represented with learning curves are utilized to describe the effectiveness of the proposed exercise program with the virtual reality system. The findings reveal that the learning curves can be separated into two groups that relate to the aim in each game mode and requirement skills. In addition, the continue learning of motor skill also observe in these learning curves. In the postural analysis, the findings indicate that the balance ability from both groups can improve by both exercise modalities. However, the virtual reality-based exercise program can improve the postural control better than the conventional exercise that includes several standing tasks. This is evidenced by the fact that the CoP parameters in the virtual reality-based training are smaller than those of the conventional exercise. Based on the results of this study, it is evident that the virtual reality system can facilitate better postural control than the conventional exercise and contribute to falling prevention of healthy adults in the future.

Additional file
===============

 {#Sec22}

**Additional file 1.** The gradient of slope determined from all sessions in each game. This excel file describes the way to compute the gradient of slope to define the plateau phase in each game. The scores from a fitted curve, using the power law function, are used to determine the slope.
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